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Section 1
INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

The Ocean Measurements Program (OMP) of the Naval
Ocean Research and Development Activity (NORDA) has iden-
tified the measurement and characterization of upper-ocean
vertical shear as a high priority component of its mission.
In support of this objective, SAI has recently completed
reviews of relevant results of current research on upper-
ocean vertical shear. Lambert and Patterson (1980) reviewed
the measurements up through 1979, emphasizing vertical
structure of currents and shear. Their summary included a
discussion of the particular relevance of shear to Navy
problems. Grabowski and Hebenstreit (1981) completed a com-
prehensive review of upper-ocean environmental models, with
heavy emphasis on internal/inertial wave models.

Following these review efforts, several studies of
shear were 1initiated. An internal-wave spectral model was
used to calculate shear statistics, and an error analysis was
carried out to estimate the wutility of WKB scaling for
extending such models into the seasonal thermocline
{Grabowski, 1980). A data analysis effort focusing on
vertical profiles of shear, presented some generalizations of
the descriptions of the shear field for different background
fields of stratification and mean currents (Patterson, et
al., 1981). During the past year SAI has carried out two
parallel efforts to describe upper-ocean shear. A modeling
effort has emphasized modeling shear-producing dyvnamic

1-1
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interpretation and to procduce models suitazble for e
shear 1levels under a variety of oceanographic and meteoro-
logical conditions (Rubenstein, 1981, 1982). 4 data analysis
effort, described in this report, presents statistical de-
scriptions of shear from an array of three current meter
moorings.

Very few data sets exist which address the time-
variability of upper ocean vertical shear on small scales.
Two recent sets are the MILE moorings and the JASIN moorings.
Another set is the one used here which we have chosen because
it includes three moorings separated by several temns of kilo-
meters, and contains relatively long time series. Although
the smallest vertical separation is 20 meters, the data are
particularly appropriate for characterizing the near-inertial
components of shear, and provide bhorizontal information that
the other data sets do not.

This technical report describes analyvses of verti-
cal shear time-series using data taken by the Woods Hole
Oceanographic Institution between 27 June and 18 August 1970
in the vicinity of Site D (39°10'N, 700W). Three similar
surface moorings (numbered 338, 339, and 340), spaced
50-70 km apart, were deploved in the geographical locations
shown in Figure 1.1. On each mooring were a wind recorder
and current meters at 12, 32, 52, and 72 m depths. Figure
1.2 shows the distribution of data in time for each current
meter. The time-series from current meter 3383 was somewhat
short, and 3384 returned no data. All the other time series
were nearly perfect. A schematic diagram of the mooring
configuration is shown in Figure 1.3, and Figure 1.4 shows
the corresponding stratification profiles presented by
Pollard.

1-2
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The first three digits of the numbers on the

right are the mooring numbers.

The fourth digit

indicates the sequential position of the
instrument on the mooring counting from the top

down.
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Figure 1.2: Distribution of data during Summer, 1970.
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340

DEPTH (m )

i X

Brunt-Vaisala frequency at the three moorings
on 9 and 23/24 July and 16/17 August as func-
tions of depth in the top 100 m. The profiles
were computed using averaged values of density
at approximately 5 m intervals, so details of
the structure particularly in the top 15 m,
have been smoothed., From Pollard (1980),
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1.2 BACKEGROUND

Pullard (1980) examinecd the velocity records from
these data 1n terms of the near-inertial frequency oscil-
lations. He computed power spectra and coherences of
velocities 1n the near-inertial £frequency range. He found
that at 12 m and 32 m, the velocities are horizontally
cobherent at inertial frequencies with suggested wavelengths
of 700-1700 km. At 32 m and 72 m, the records were not
horizontally coherent, perhaps due to differences 1in
stratification among the mooring locations. Significant
differences among the 12 m records were related to
di1fferences 1n local wind over the 50 km mooring spacings.
Pollard found these differences could be modeled using the
Pollard and Millard (1970) model with the local wind at each
mooring as a forcing term. During periods of strong 1nertial
wave generation, up to two-thirds of the energy 1in the mixed
layer was at near ainertial frequencies. Finally, the
vertical component of the group.velocity 1n the top 100 m was
downward, confirming that the flow of energy was downward
from the surface.

In this report we present calculations of power
spectra, coherence spectra, auto-correlations, and cross-
correlations from vertical shear time-series. Vertical shear

1s the wvertical gradient of horizontal velocity. For
purposes of our calculations, we approximate the shear by
computing velocity differences between pairs of vertically

separated time-serles records.

1.3 THE GEODYNE 850 CURRENT METER

The Geodyne 850 Current Meter measures current
speed using a Savonius rotor, and current direction uslng 4

1.7
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freely movang directional vane and a magnellc CoOmMpass. The
measuremenis were recorded in the "interval' mode. In thie
mode, bursts of rapid samples were recorded every 15 minutes.
Tach recording interval consisted of a burst of 20 samples at
5-second intervals, followed by a longer interval (about 800
seconds) during which no samples were taken. The currents
were recorded as speed and direction. As part of the data
processing, they were transferred i1nto Cartesian coordinates,
and then vector averaged to obtain a single measurement every

15 minutes.

The response of the Savonius rotor 1s not well
understood. There 1s evidence that the rotor accelerates
faster than 1t decelerates (Fofonof and Ercan, 1967), but
there 1s also evidence of the opposite being true (see
response, Halpern et al., 1981). In either case, the time
constants of the rotor and directional vane are not perfectly

matched.

A typical mooring (338) 1is shown schematically
in Figure 1.3. The other two moorings were similar,
especially the upper four current meters with which we are
concerned. The toroidal surface buoys support a4 metal
triangular pyramid superstructure. ¥Within this super-
structure 1s placed the wind recorder. In order to prevent
an upwind superstructure strut from creating sSpurious
effects, a large plywood fin 1s attached to one of the
struts. This helps to orient the buoy so that the wind
impinges on the wind sensor midway between two struts.

Halpern et al. (1981) performed tests to determine

the effects of mooring motions On current meter measure-
ments. He compared the spectra from upper ocean (above

1-8
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100 m) current meters supported by surface buovs with current
metlers supported by spar anc subsurface buovs. He definec z
guantity callecd the "maximum usable frecuency'", the frequency

€
thresholc¢ above which the power spectra from tTwo current
meters (a2t the same depth but attached to different moorings)
diverge. In the upper 30 m, the maximum usable frequency was
at least 2 cph 1n all cases. In the depth range 79-94 m,
where the currents were much weaker, the maximum usable
frequency fell 1in the range 0.2-2 cph. As we are interested
in shear near the 1inertial trequency, 0.0533 c¢ph, this
limitation 1s of little consequence.
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Section 2
STATISTICS PROCEDLURES

L4

2.1 POWER SPECTRAL DENSITIES
e Calculations of power speciral densities follow the

procedure outlined below.

1, Select a length of record with a number of data points M
® egual to a power of two.

2. The data record is multiplied by a Hanning window

function
" ¥, o(T) = 2 AC1 27t/T)

T/2 t) =3 + cos 27t ’

where t is time, T is the total length of the record, and the

e scale factor A = /8/3 insures that the variance remains

[ o

unchanged. The corresponding filter W(f) is given by the
Fourier transform of wT/z(t);

W(E) = sinnfT

2,2,-1
2nf ™) .

(1-f

Figure 2.1 shows the shape of W(f), for the particular case
T=1.

3. The fast Fourier transform of the u-component is computed
as follows:

M-1
= FFT(u_ ) = Y} u_ exp(-i 2n§m)

U
m=0 m

k

2-1
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Figure 2.1 Frequency response W(f)

for a Hanning window function.
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where
) "x = kth spectral coeiiicient
U, = mth u-component of velocity
and the v-component is computed similarly.

4. Raw spectral estimates are computed;

@
2At v 12 v 12
sk = M (}bk“ + "k‘ J
* corresponding to frequencies
£, = &= ; k = 0,1 M/2-1
k AtM [} L] ’C.O’ L]

‘o 5. Band averaging 1s performed, provaiding 50 smoothed
spectral estimates. The number of raw estimates used to
compute the smoothed spectrum varies from 2 in the 1lowest
bins up to 347 1n the highest ban. The distribution of

° -smoothed estimates is designed to keep the values of log fg

nearly evenly spaced, and to resolve the 1inertial and semi-
diurnal frequencies. In the bin containing the 1inertial

frequencies, 7 raw estimates are averaged.

6. The smoothed spectral estimates are mutilplied by
frequency £, and plotted on a linear scale versus log f.
This format, often called a variance-preserving rtlot,
provides constant variance per unit area under the curve.
T' Frequency bands which contribute signitficantly to the total
variance are <asily recognized by this method.
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2.2 VECTOR COHERENCE SPECTRAL FUNCTIONS

We follow the procedure outlined by Gonella (1972)
for computing the vector coherence functions. This procedure
is equivalent to that described below.

1. Begin with two discrete vector time series, in complex
form;

u, () = u (rp) + dv, (1),
o (t ) = uy () + ivy (e )
m=0,1,...,L-1.

The integer L is chosen to be an integer (I) multiple of J,
where J is a power of two;

L= IJ.

Divide each of the two time series into 2I-1 short series,
overlapping one another by 50%, and each of length J.

2. Multiply each of the short series by a Hanning window
function, decribed in the previous section.

3. The two-sided Fourier transform (the transform is not
symmetric with respect to zero frequency) is computed for
each short complex series;

M-1
= F _; 2nkm
U, (£,) L u, (rp) exp (-1 5~—) ,

k = -M/2,..., (M/2)-1,

and similarly for Us(fyg).
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4. The auto, coincideunt, ancd guacraiure speciral densiivy

functions P and Q are computed:
° ';

. ¥
Pooliy) = <Up(f,) Lo(£,)>

*
Plz(fk) - 1Q12(£k) = <:Hl(fk) Dz(fk)>

where the asterisk denotes a complex conjugate, and the
brackets denote ensemble averages over the 21 - 1 ensembles.
This procedure provides estimates with 2] degrees of freedom.

5. Compute the coherence amplitude and phase, defined by

p. 2, o 2)1/2
12 12
Clty) =1 =55 ’
11P22

o(fk) = arctan(le/Plz).

for frequencies fg = Kk/(N&t), for k =-M/2,...,M/2-1.
Negative frequencies 1ndicate clockwise rotation and positive
frequencies i1ndicate counterclockwise rotation.

2.3 NORMALIZED CORRELATION FUNCTIONS

Normalized auto-correlation and cross-correlation

functions are computed following the procedure outlined

below.

1. A maximum lag g 1is chosen.
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Normealized correlation 1S computed:

M-e - _
mfl (xm+r - x)(y_ - ¥
ny(rAt) = s — V=g —
7 (xp = %) Ty, =)
m=1 m=1

' & =ByeeceyBe.

The overbars denote mean values.
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Section 3
DPOWER SPECTRA

In this section we discuss power spectra of the
velocity and shear (velocity difference) time series. The
method of computing power spectra is described in Section 2.
Our purpose 1is to examine the relative contributions by
individual frequency bands. It is convenient to categorize
these bands according to the physical processes with which
they are associated. We divide the frequency domain into
four bands: low frequency, near-inertial, semidiurnal and
internal wave. In Section 3.1 we present a brief background
review of the physical processes that generate Kkinetic energy
in these frequency bands. In Section 3.2 we discuss the
velocity spectra computed by Pollard (1980). In Section 3.3
we present and discuss spectra of the shear between various
pairs of current meters.

3.1 FORCING MECHANISMS

3.1.1 Near-Inertial Oscillations

We shall see that the near-inertial frequency
band is generally a strong contributor to the total shear
variance in upper ocean power spectra. The inertial
frequency f is defined as twice the magnitude of the pro-
jection of the earth's angular rotation vector on the local
vertical wunit vector (i.e., f = 2Qsink, where Q is the
earth's angular rotation rate, and X is the latitude). At
the latitude of Pollard's current measurements (A = 400),
the inertial frequency is f = 9.3 x 10-5rad/sec or .053
cycles/hr.

B S OO S e~ & s m o= s al o~ e .o
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The inertizi freguency is the nztural freguency of
oscillation irn a rotating unstratified fluid. Whern a sudder
change in the wind stress is applied over the ocean, the
horizontal currents in the upper ocean are deflected in the
clockwise sense (in the Northern Hemisphere) by tbhe Coriolis
force. The velocity vector begins rotating in the clockwise
direction. These oscillations 2are often observed ir the
upper ocean, for several davs after the passage of an
atmospheric front.

3.1.2 Semi-Diurnal Oscillations

The oscillations observed at the semi-diurnal
frequency are tidal currents. Regal and Wumnsch (1973)
describe observations of internal tides at several upper
ocean stations, including Site D. At this site, most of the
semidiurnal energy is in baroclinic modes, and is classified
as the 1lunar (Mp) constituent, with a period of 12.42
hours. Regal and Wunsch explain that the baroclinic tidal
component is predominant here because of the interaction of
tidal motions with the geometry of the nearby edge of the
continental shelf. 1Internal tides are generated at the sharp
break in the bottom slope, Jjust to the north of Site D. As
shown in Figure 3.1, internal wave energy propagates along

characteristic lines given by 2z+cy = constant, where 2
is vertical, v is horizontal, and c2 = (w? -~ £2)/
(N2(2) - «2). One of the internal wave characteristics,

represented by the solid line labeled A, lies nearly tangent
to the continental slope, and reaches Site D after a single
bounce. Regal and Wunsch suggest, without detailed explana-
tion, that intermal wave energyv is focused at the surface
near the site. Other characteristics also arrive near Site
D, but the focusing effect is not as pronounced.
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Figure 3.1:
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Profile of relief along 7090% (see Figure 1.1
for local isobaths) together with selected
semidiurnal period internal wave character-
istics passing near site D. Note the solid
characteristic 1ine (labeled A) which is
nearly tangent to the continental slope and
reaches site D in a single bounce. (Regal
and Wunsch. 1973)
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3.1.3 Low Freguency Motions

e have partitioned the low Zfreqguency band us uf
because 11 represents motions caused by several differenz
physical processes excluding 1nternal waves. Internal waves
cannot propagate freely at frequencies less than the 1local
inertial frequency. Low frequency motions have a variety of
generating mechanisms. Among these mechanisms are slow
changes 1n the large-scale wind stress and changes 1n the
ocean's baroclinic density sStructure. We will not further
describe these processes in this reporrt. Our shear spectra
generally do pot show much energy in the low frequency bands.

3.1.4 Internal Wave Band

A large number of mechanisms have been advanced
for the generation of 1internal waves. We touch upon just a
few of the most likely mechanisms here. The variability of
internal - wave energy 1n the upper ocean suggests that some
mode of surface forcing may be important. Surface forcing by
traveling fluctuations of divergent wind stress 1induces
vertical motions at the bottom of the surface boundary layver.
Traveling fluctuations in buovancy flux give rise to pressure
fluctuations which also 1ipduce vertical motions at the base
of the surface layer. These motions generate 1internal waves
which are free to propagate 1into the interior (Thorpe, 1975).
Internal waves may be induced by currents flowing over bottom
topography. We have already discussed, 1in Section 3.1.2, the
possibility of 1nternal waves being generated by tidal

motions through the latter mechanism.

In this report we propose yet another possible

mechanism for the generation of some portion of the kinetic
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€nergy in the 1internal wave band., Under certain conditions,
sirong 1inertial oscillations meay 1nte€ract Lnonlinearly witkh
the strong tidal component. Energy at 1the <(Cifference
irequency, being smaller zthan f, cannot propagate, bu:
energy al the sum of the 1nertial and semidiurnal fre-
quencies can propagate as a free i1nternal wave 1i1nto the
stratified interaior. Our spectra show evidence of a
component at this <frequency. Krauss (1981) observed a
siamilar spectral component 1n the Baltic Sea at twice the
inertial frequency.

3.2 VELOCITY SPECTRA

Figure 3.2 shows the velocity spectra computed by
Pollard (1980). Two peaks at the inertial and semidiurnal
frequencies are the most prominent features i1n these
spectra. At the two shallowest depths, 12 and 32 m, the
1nertial peak 1s stronger relative to the semidiurnal peak.
At 52 and 72 m, the opposite 1s the case. Note that the
vertical scales of the plots are different at each depth.

The semidiurnal peak 1s most energetic at all
depths at moorings 339 and 340. As daiscussed 1n Section
3.1.2, this may be due t0o their position relative to the
continental slope. Conditions are such that moorings 339 and
340 are 1n the most favorable 1location to receive the
benefits of the 1internal tides focusing effect.

In the mixed layer, at 12 m, the inertial peaks
recorded at the three moorings were of comparable magnitude.
At 32, 52, and 72 m, mooring 340 shows the strongest 1in-
ertial oscillations. DPollard (1980) showed that two fronts
passed each of the current meter arrays on 11 August, and
that during this period current meter 3383 was not 1n

3-5
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Figure 3.2:
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Spectra of all records in the top 100 m using 1024 h of
data between 28 June and 10 August. The abscissa is
log-frequency on the lower scale, log-period on the upper
scale of each plot. The ordinate is the energv density,
scaled by the frequency, plotted linearly. Note that the
energy scale is different at different depths, but the same
for all records at a fixed depth. The area under this pvlot
in anv given frequency band is proportional to the energyv
in that band. Dominant peaks are inertial (18.78 h) and
tidal (12.42 h). From Pollard (1980).
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operation. The time cdifference between arrival of the fronts
a2t 340, 238, anc 339 were 7. 12, and 16 hours, respectively.
As a result, the 1inertial amplitudes after the passage of the
fronts were observed to be much stronger at 340 than at 2329,
At 339, energy input by the wind duraing the first half of an
inertial period 1s subtracted during the second half. Thus,
the energy at the i1inertial frequency appears to be quite
sensitive to small differences in the wind stress.

The relative contributions by the low frequency
and internal wave bands are practically negligible at 12 and
32 m., At 52 and 72 m, the relative contributions 1in these

frequency bands are somewhat greater.

3.3 SHEAR SPECTRA
3.3.1 Results

Power spectral density was computed for the
velocity differences between pairs of vertically adjacent
current meters. Since the 1interval between data samples
was 15 minutes, the Nyquist frequency was 2 cycles per
hour. Since the fast Fourier transform algorithm requires
‘the record length to be a power of two, the record length was
chosen to contain 4096 samples. The data were not filtered
prior to the computation of spectral estimates. Table 3.1
lists the current meter pairs for which spectra were
computed, along with their respective depths. The spectral
density functions are displayed 1in variance-preserving format
1n Figures 3.3 through 3.9. Velocity differences between
non-adjacent current meters were not analyzed because these
differences are dominated by the relatively large velccities
at the wupper current meter. Analysis of these velocaity

3-7
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T4BLE 3.1

PO¥ER SPECTRA OF VELOCITY DIFFERENCES
(VERTICAL SHEAR)

Fig. Current Meters Depths (m)
3.3 3393-3394 12-32
3.4 3402-3403 12-32
3.5 3394-3395 32-52
3.6 3403-3404 32-52
3.7 3385-3386 52-72
3.8 3395-3396 52-72
3.9 3404-3406 52-72
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Figure 3.3:

Figure 3.4:
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(Top) Power spectrum of vertical shear, curr
meters 3393-3394, at depths 12 and 32 m,
respectively.

(Bottom) As in Figure 3.3, except for meters
3402-3403.
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Figure 3.5: (Top) Power spectrum of vertical shear, current
meters 3394-3395, at depths 32 and 52 m,
respectively.

Figure 3.6: (Bottom) As in Figure 3.5, except for meters
3403-3404.
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Figure 3.7:

Figure 3.%:

(Top) Power spectrum of vertical shear,.
current meters 3385-3386. at depths 52 and
72 m. respectively.

(Bottom) As in Figure 3.7. except for
meters 3395-3396.
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cdifferences would Ttherefore be nearlv eguivalent 1o the
analysis of 1ncividual currert meter records greviousliy done
by Poullard (1980).

The spectra in Figures 3.3 -~ 3.9 zre for horizon-
tal velocity differences over 4z = 20 m vertical separation.
We can convert these to shear spectra simply by dividing by
Lz2, Grabowski and Newman (1981) used a vertical wave-
number shear spectral model based on that compiled by
Gargett et al. (1981), to determine the dependence of mean
sguare shear on Az. Grabowski and Newman found that mean
square shear varies as az-1l, Therefore, much of the
small vertical-scale shear variance 1s missed due to the
large (20 m) vertical separation of the current meters.
Extending the results in Table 1 of Grabowski and Newman, the
shear variance observed with a vertical sample 1nterval Az =
20 m 1s 54% of the variance observed with £z = 10 m and 14%

of the variance observed with Az = 2 m.

3.3.2 Inertial and Tidal Shear

Sharp peaks are evident 11n all of the spectra at
the inertial frequency, .053 cph. The peaks are strongest
at the shallowest depth pair (12 - 32 m), and decrease 1inh
magnitude with depth. As was the case for the velocity
spectra, the 1inertial band energy varies from one mooring to
the next, because the shear response 1s sensitive to small

differences 1n the wind stress.

The 1i1nertial peak 1n each (20 m velocity ditfer-
ence) shear spectrum 1s comparable 1n magnitude to the peak
1in the velocity spectrum of the corresponding upper current
me